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ON THE EARTH CONSIDERED AS A HEAT ENGINE 
By George F. Becker 

UNITED STATES GEOLOGICAL SURVEY. WASHINGTON 
Presented lo the Academy, December 4. 1914 

Imagine that the earth solidified in such a way that fluid equilibrium 
were perfectly preserved and that the exterior were perfectly smooth, 
presenting an ideal equipotential surface of uniform temperature. Sup- 
pose that the only differences between different portions of this surface 
were in the diffusivity (that there are large variations in the diffusivities 
of different rocks, the published determinations clearly show). For 
simplicity's sake, suppose that a certain square area had a uniform 
diffusivity smaller than that of the surrounding surface. It is evident 
that this square would cool more slowly than the adjacent portions, 
and by reason of the slower escape of heat it would develop a slight 
relative elevation — provided indeed that the material of the globe con- 
tracted in cooling as almost all substances actually do. Furthermore, 
the relative contraction of the surrounding mass would bring to bear a 
pressure on all four sides of the square, and this pressure would extend 
downward as far as the difference of temperature was sensible. Such 
a pressure might even suffice to rupture the rock within the square. 
Indeed the order of magnitude of the difference in temperature needful 
to induce rupture is easily estimated. 

Let M be the Young's modulus of the rock composing the square, P 
the lateral pressure on any face and e the elongation. Then by definition 
Me = P or e = P/M. The crushing load for the best granite is about 
1000 kilograms per square centimeter, and the average Young's modulus 
found by H. Nagaoka 1 for 5 granites is 25 X 10 10 dynes or 254800 kg. 
per square centimeter, only about half as great as that given by Everett 
for glass. This would indicate at the breaking point e = 0.004, very 
nearly. Now the linear expansion between 0°C. and 100°C. of mineral 
substances such as glass, quartz, topaz, etc., is not far from 0.08, or some 
20 times the value for e just found. Hence a difference of temperature 
between the square and the surrounding area of the order of 5°C. would 
be enough to produce rupture in the square column imagined. 

Thus a difference in diffusivity would bring about an intumescence on 
the surface of the globe followed by the formation of four systems of 
joints which in the simple case supposed would cross one another at right 
angles at the surface and dip at about 45° in four directions. 2 These 
joints are equivalent to voids, which as I have recently shown may in 
extreme cases approach 6.73 percent of the volume. 3 Thus a further 
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very considerable intumescence or uplift would result and an additional 
diminution in the diff usivity, because joints interfere with the conduction 
of heat. This diminution would further increase the depth to which 
sensible differences in temperature on the same horizontal plane would 
extend. Besides systematic rupture it is evident that the lateral pres- 
sures on the square column would or might bring about deformations 
and the crumpling of layers originally plane. 

It would seem then that the initial difference in diffusivity need not 
be great eventually to ensure a considerable uplift within the hypothetical 
square since so soon as it sufficed to establish a temperature-difference 
of a few degrees the process of uplift would be increased by the effects 
of rupture. 

Supposing no water to exist upon the earth, the square column under 
discussion might attain a notable elevation, The average land surface 
now stands about 4 km. or two and a half miles above the average sea 
bottom and if the material from which the salt of the ocean has been 
derived represents eroded continents of present area, the average land 
surface might have stood some 2.5 km. higher than it now does. Whether 
so lofty a mass could sustain its own weight need not be discussed here, 
the present object being merely to bring out a particular feature of the 
whole problem. 

The mere configuration of the present continents standing at a mean 
elevation of nearly 13,000 feet above sea bottom manifestly represents 
a vast amount of energy of position, or potential energy, and to this must 
be added that of the total mass which has been eroded from the conti- 
nents, something like half as much as now remain ;. (Thus, according 
to the computations made by F. W. Clarke in his Data of Geochemistry. 
the sodium of the ocean represents a spherical shell 2050 feet in thickness. 
If this is supposed piled onto continents of an area one-fourth that of the 
globe, its thickness would be 8200 feet, or somewhat more than one half 
of 13,000 feet.) 

The internal temperature of the continental mass likewise calls for 
consideration. At the present day the mean depth of the ocean is 
about 3496 m., the means elevation of the land is about 440 m. 
and the mean thermometric gradient 1° in 38 m. or possibly as 
high as 1° in 32 m. The temperature at the bottom of the sea is not 
far from zero, while at the same level beneath the continents it is over 
100°. Thus the mean temperature of the actual continents down to 
the level of sea bottom is more than 50°C. above the temperature of the 
sea-bottom itself, while for a long distance below this level the sub- 
continental masses must be hotter than the sub-oceanic layers. (Even 
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if no energy were dissipated within the continental plateaus, the rate at 
which heat would be conducted from the subterrestrial to the suboceanic 
regions would be exceedingly low.) 

Some of this temperature-excess is probably a remnant of the original 
temperature of the globe equivalent to that which has failed to escape 
because of the low diffusivity of the continental rocks. Another portion, 
probably considerable, represents kinetic energy dissipated in the crush- 
ing and plication of the continental mass. Alas that we cannot evaluate 
the proportion ! 

On the hypothesis under discussion all of this temperature-excess and 
all of the energy of position represents heat which would have been 
radiated into space had all areas of the earth's surface been endowed with 
equal diffusivity. 

The outer shell of the earth down to a depth of perhaps 70 or 80 miles 
at which the primeval temperature still prevails without sensible diminu- 
tion may thus be regarded as an imperfect heat engine receiving heat 
energy at an absolute temperature approaching 2000° and emitting it at 
less than 300°. The difference is proportional to the energy which would 
be available were this engine perfect. Though far from perfect, it has 
sufficed, it seems to me, to supply what has been expended in maintain- 
ing in part the relatively high temperature of the sub-continental masses, 
and also in epeirogenic and orogenic upheavals, in the shattering and 
crumpling of rocks, and in earthquakes and volcanoes. (It is to be ex- 
pected that the dissipation of energy would be peculiarly intense near 
the surface dividing the rising continental columns from the oceanic 
basins. It is in such positions that most of the volcanoes are found.) 

So far the ocean has been practically ignored, but only a few years can 
have elapsed after the consistentior status before the sea came into being. 
Even a very small difference in diffusivity acting for a very short time 
would have served to outline depressions, into which the incipient ocean 
would gather while, after a time at any rate, the presence of the ocean 
with its convective circulation would tend further to increase the differ- 
ence in temperature between the areas of relatively great and relatively 
small diffusivity, which would then become oceanic basins and conti- 
nental plateaus. 

The moment an ocean formed, or rather a moment before it began to 
form, erosion commenced and introduced a new factor into the world 
system. Were the globe completely covered by the sea, evaporation 
and precipitation would furnish no energy of geological significance. 
The energy absorbed in evaporation would be liberated on precipitation 
and the molecules of water would return to their original level. But 
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water falling on a continent and carrying sediment to the sea depotential- 
izes or sets free the energy of position acquired at the expense of the heat 
stored in the earth. 

At great depths we know that rocks are deformed and undergo solid 
flow; and it is well known that under an appropriate system of stresses 
any solid must flow. 4 At the surface, so far as rocks are concerned, such 
a system of stresses does not exist, and the rocks do not flow. But erosive 
action lends them a mobility almost equivalent to fluidity so that the 
net result is in some respects analogous to that which would ensue if the 
solid surface of the globe were replaced by a mass of hyperviscous liquid 
some column or columns of which had a higher temperature than the 
surrounding matter. These columns would rise above the general sur- 
face because of the diminished density and the mounds thus formed 
would overflow or run down because they lack rigidity. The outflowing 
portions would cool, and sinking into general mass, would establish a 
convective circulation. 

Not just in the same way, but similarly, erosion effects the flow of the 
continental surface matter to or beyond the edge of the continental 
plateaus overweighting the ocean floor and bringing about a correspond- 
ing subsidence. 

In an asphalt lake like that of Trinidad, convection due to lack of 
temperature equilibrium would be attended by an undertow. Material 
rising from any particular depth would diminish the horizontal pressure 
which it had previously exerted on surrounding portions of the hyper- 
viscous mass and these would press inwards to fill the partial void. In a 
solid earth there must be an analogous action, excepting that the partial 
pressure needful to produce lateral flow or undertow must exceed that 
which would strain the solid rock to its elastic limit. 

The analogy of an asphalt lake must not be applied without caution. 
In such a lake it is easy to conceive of convective circulation indefinitely 
continued. Not so in the solid earth. If the whole rock mass from which 
the oceanic salt has been derived was really once piled on the continents 
and if the ocean is 100 X 10 6 years old then the total uplift of about 6| 
km. has only been effected at the rate of 1 mm. in 15 years or 1 inch in 
380 years. Thus the process might be compared with incipient con- 
vection in an asphalt lake. 

None the less, so far as it has gone, the undertow has tended to con- 
tract the area of incipient continents, to increase the crumpling and to 
exaggerate the elevation to which they would have attained had there 
been no convective tendency. 
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On the hypothesis that the origin of continents is due to the inferior 
diffusivity of certain areas of the earth's surface the condition of the 
ocean's bottom is very noteworthy. As is well known this floor is rel- 
atively featureless, consisting of vast plains, low ridges, and a few deeps, 
seven-eighths of its area lying at a depth of more than a kilometer below 
sea level. There are very few indications on the ocean floor of conti- 
nental topography, and yet if a continent were to be submerged to a depth 
of a hundred fathoms or more, that is below the reach of wave action, 
it is difficult to see how any process of base-leveling could reduce its 
accentuation. Neither on the hypothesis under discussion is it ea^y to 
see how a continent could be submerged though it is barely possible 
that a thin layer of rock of small diffusivity might be removed by erosion 
leaving exposed masses of diffusivity so high as to undergo rapid con- 
traction. Judging from the bathymetrical maps there are no important 
cases of this description, it would seem that, as the elder Dana so ably 
maintained, the oceanic areas have been persistent; and if so the sub- 
sidences which have occurred and recurred have been subordinate 
features of movements the net result of which in each case was uplift. 
This is in line with the results of Hayford, Helmert, and their associates. 
Since they have compelled us to concede that the earth is even now in a 
condition of approximate isostatic equilibrium, it seems impossible to 
believe that it has not been so in the past. Erosion has been in progress 
during every era from the Algonkian upward and there must have been 
a persistent and prevailing tendency to upheaval. Of a complete drown- 
ing of the continents, such as would occur during a prolonged era in which 
subsidence prevailed, there is now no trace. 

Two reasons have been suggested above for the high level at which the 
continents stand relatively to the ocean floor, viz., superior temperature 
and the existence of voids. The difference in level is 3.936 km. or 0.032 
of 122 km. If this difference were entirely due to excess of temperature, 
and if the linear expansion of average rock is 0.0008 per degree, the whole 
elevation of the continental columns would indicate a mean temperature 
difference of 40°C. If this elevation were due entirely to the existence 
of voids, these would amount to about half the maximum interstitial 
space found for me by Mr. Melcher in experiments on the crushing of 
sulphur in sealed brass tubes. It is evident that the two causes in com- 
bination might bring about elevations not only corresponding to the 
mean height of the continents but also to those of lofty mounta n ranges. 

Until erosion began the terrestrial mechanism must be regarded as a 
heat engine of the irreversible type. It could potentialize energy and do 
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mechanical work, but the cycle was incomplete. When erosion super- 
vened and conferred upon the superficies of the continents a certain 
mobility and kinetic energy, the cycle was completed and the stage 
answering the adiabatic expansion was supplied. 

It is true that the efficiency of this engine must be very small, but the 
store of energy upon which it draws — the available boiler capacity — is 
enormous. The mechanism thus appears competent to bring about all 
of the dynamical effects with which geology has to deal. 

1 H. Nagaoka, Phil. Mag., SO, 53 (1900). 

2 Simultaneous joints. Proc. Wash. Acad. 7, 267 (1905). 

3 Becker, J. Wash. Acad., 4, 429 (1914). 

4 Ibbetson, Math. Theory of perfectly elastic solids, 1887, p. 174. 



A PHYLOGENET1C STUDY OF CYCADS 
By Charles J. Chamberlain 

DEPARTMENT OF BOTANY. UNIVERSITY OF CHICAGO 
Read before the Academy, December 7, 1914. Received January I. 191 5 

In any phylogenetic study it is desirable to compare related forms 
which are widely separated in time and space. In case of the cycads, 
such comparisons are becoming possible. The general plan of an inves- 
tigation, begun more than ten years ago, is to study numerous forms 
in the field; study life histories in all parts of the family; and then, by 
comparative study, to gain some idea in regard to relationships and also 
in regard to the behavior of various structures during great periods of 
time. 

A typical cycad, with its unbranched trunk and crown of pinnate 
leaves, looks like a tree fern, an aspect which dates back as far as any- 
thing is known about the phylum. 

In the Carboniferous, two great lines of seed plants were abundant 
and widely distributed. One of them is represented today by such 
familiar forms as the pines, junipers, araucarias and taxads. They are 
mostly evergreen, are widely distributed, and form immense forests. 
Being easily available, they have been thoroughly studied, especially 
the north-hemisphere genera. The other line is represented by a single 
living family, the Cycadaceae, or cycads, as they are commonly called. 
The Paleozoic ancestors of the cycads had a world-wide distribution 
and made such a display that botanists have called the Paleozoic the 
Age of Ferns, since the leaves were very naturally mistaken for fern 
leaves. These fern-like seed plants undoubtedly came from an even 
earlier fern ancestry and, in the Carboniferous, existed side by side with 



